Abstract
Introduction
Current workloads for computing devices are rapidly changing to include real-time media processing and compute-intensive programs. These new workloads are dataflow-dominated and characterized by regular computations on large sets of small data elements, limited 1/0 and lots of computation. As a result, many of them seriously underutilize the large datapaths and instruction bandwidths of conventional processors.
These problems are being addressed through processor changes [la, 6, 181. However, reconfigurable computing offers a fundamentally different way to solve these issues. Reconfigurable architectures have the capability to configure connections between programmable logic elements, registers and memory in order to construct a highly-parallel implementation of the processing kernel at run-time. This feature makes them very attractive, since a specific high-speed circuit for a given instance of an application can be generated at compile-or even run-time.
In this paper, we present a generalized compilation (RPL) of the graph, which we then attempt to minimize. Our compilation scheme is a combination of high-level synthesis heuristics and a fast, deterministic place-androute algorithm made possible by a compiler-friendly architecture. The scheme may be used to design a compiler for any pipeline reconfigurable architecture, as well as any architecture that may be represented by our model. It is very fast and fairly efficient. The remainder of the paper is organized as follows: Section 2 describes the concept of pipeline reconfiguration and its benefits. We briefly describe PipeRench, an instance of pipeline reconfigurable architectures, a,nd the VLIW-style architectural model for the compiler. Section 3 describes the compiler along with our place-and-route algorithm. Section 4 presents results that establish correlation between the RPL and our objective function. We also show the effects of different priority function parameters on our results, and report speedup numbers over an UltraSparc-I1 obtained by using our compiler on the PipeRench reconfigurable architecture. Section 5 discusses some related work and we conclude in Section 6.
Pipeline Reconfigurable Architectures
In this section, we review pipeline reconfiguration [14], a technique in which a large physical design is implemented on smaller sized hardware through rapid reconfiguration. This technique allows the compiler to target an unbounded amount of hardware. In addition, the performance of a design improves in proportion to the amount of hardware allocated to that design. Thus, as more transistors available, the same hardware designs achieve higher levels of performance. Pipeline reconfiguration is a method of virtualizing pipelined hardware applications by breaking the configuration into pieces that correspond to pipeline stages in the application. These configurations are then loaded, one per cycle, onto the interconnected network of programmable processing elements (PES) collectively known as the fabric [5] .
Since the configuration of stages happens concurrently with the execution of other stages, there is no loss in performance due to reconfiguration. As the pipeline is filling with data, stages of the computation are configured one step ahead of the data [5] .
We now present the main characteristics of PipeRench, an instance of the class of pipeline reconfigurable architectures. We then present our architectural model that describes this class of architectures for the compiler.
PipeRench: an instance of Pipeline Reconfigurable Architectures
PipeRench is composed of pipeline stages called stripes. The pipeline stages available in the hardware are referred to as physical stripes while the pipeline stages that the application is compiled to are referred to as virtual stripes. The compiler-generated virtual stripes are mapped to the physical stripes at run-time. Each physical stripe is composed of N processing elements (PES). In turn, each P E is composed of B identically configured look-up tables (LUTs), P B-bit registers in a register file, and some control logic. The PES have 2 data inputs. Each stripe has an associated inter-strive interconnect used to route values to the file interconnect, allows the values of all the registers to be transferred to the registers of the PE in the same column of the next stripe. Figure 1 shows the PES, their register files and the interconnection network in PipeRench.
VLIW-style Architectural Model
Despite hardware virtualization, three important constraints are still imposed by such a pipeline reconfigurable architecture on the compiler: (i) a limited number of PES per stripe, (ii) a limited number of registers per P E and (iii) a limited number of read and write ports in each register file. These restrict the number of values that may overlap (i.e., live ranges of variables) on the register file of a single PE, make routing difficult, and impose a constraint on operator placement.
We can model this as a distributed register file 
Definitions
Before we present the problem and our solution, we define a few terms. A dataflow graph is used to represent the input program. It consists of nodes which represent operations'. Nodes are interconnected by directed edges, referred to as wires. A wire has a single source node but can have multiple destination nodes (fanout). Each wire carries a value, represented by multiple bits.
Nodes may be routing nodes or non-routing nodes.
A routing node does not consume any functional resources, while a non-routing node has to be allocated PES. An example of a routing-node is a "bit-select" (marked [1,1] in Figure 2 ). The routing path length of a single bit in a given wire w is the total number of time-steps between w and its nearest non-routing source node. The routing path next stripe and also to route values to other PES in the same stripe. An additional interconnect, the registerWe use the the terms "Node" and "Operation" interchangeably in this paper. register usage is shown in Figure 3 . We now present the following solution:
The Problem and Solution
The probleni that we solve is to map a given dataflow graph to a pipeline reconfigurable architecture defined by the model in Section 2.2. Specifically, for each operation we have to first assign a stripe. Within that stripe, we have to allocate P E resources to perform the operation, interconnect resources to route its inputs and outputs and a register from the register file for storing its live outputs. The objective is twofold: (i) minimize the number of virtual stripes while adhering to the resource constraints and (ii) obtain fast compilation speeds.
Our solution is based on minimizing RPL. We qualitatively explain the effect of RPL on our objective function, and substantiate this empirically in Section 4. The RPL of a node is related to the lifetime of its input wires. As long as a wire is live, it is allocated a register on a pipeline reconfigurable architecture. Minimizing the overall RPL of a netlist thus leads to lower register pressure. Further, if a new virtual stripe S is added to the schedule, there is at least one extra wire crossing the boundary of S, leading to an increase in the overall RPL. Thus, lowering the RPL not only has an effect on lowering the number of virtual stripes, but also tends to reduce the number of wires crossing the boundary between any two virtual stripes, reducing interconnect demand. A simple example of the effect of RPL on 0 We take advantage of hardware virtualization and assume an infinite amount of hardware in one dimension, that is, unlimited stripes. This allows us to gainfully adopt a greedy, deterministic, linear time place-and-route algorithm in order to get a lot of speed. The algorithm never backtracks or removes an operation that was already placed.
0 In order to adhere to the constraints and minimize the number of virtual stripes while still maintaining the speed of the algorithm, we determine an order for the operations to be placed which aims at minimizing the overall RPL.
We thus adopt a three-step strategy for place-androute (See Figure 4) . The algorithm takes as input a topologically sorted dataflow graph. The first step, graph preprocessing, annotates each operator with possible placement locations (See Section 3.2.1). In the second step, the algorithm uses list seheduling [9] based on RPL. The nodes selected are placed on the architecture while satisfying functional, register and routability resource constraints. Nodes which cannot be placed owing to routability constraints are handled in the third step. The output is a dataflow graph that is placed on the pipeline reconfigurable architecture. Using this method, a compiler back-end for any pipeline reconfigurable architecture may be designed. 
The DIL Compiler
The DIL compiler compiles a high-level, architecture independent Dataflow Intermediate Language (DIL) and produces configurations. DIL targets pipeline reconfigurable architectures. It is intended to be used both by programmers and as an intermediate language for a high-level language compiler.
The compiler first reads in architectural details like the number of PES, bit-widths of each PE, number of registers, as well as the target clock-cycle. It then reads in an input design described in DIL and converts it into a dataflow graph consisting of nodes and wires.
The main stages of the compiler are shown in Figure 5 . Each operation in the dataflow graph is synthesized in terms of canonical operations that may be mapped to a processing element on the target architecture. For instance, if the target architecture is finegrained and has only ALUs, multiplications are decomposed into a series of shifts and adds. Following this, the graph is subjected to a decomposition pass where operations too wide to fit in a clock-cycle are broken up and pipelined into smaller operations. It then goes through a series of optimizations such as common subexpression elimination and constant folding. The rest of this paper focuses on the main part of the backend, place-and-route. Details of the DIL language and the compiler front-end may be found in [a].
Place and Route
As mentioned in Section 2.4 and depicted in Figure 4, we propose a graph pre-processing step followed by a placement scheme based on list-scheduling.
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Pre-processing
This pass imposes constraints on nodes and reduces placement possibilities. These constraints are placement directives which heuristically tag certain placement locations on the chip as unfavorable. They are determined in advance by examining the architectural constraints. Figure 6 shows one example of these constraints for PipeRench.
The RPL-based Priority Function
Prioritizing the nodes well is very important since the subsequent place-and-route algorithm does not backtrack. We propose a heuristic that attempts to minimize the RPL at every step in the place-and-route process. First, the following four sets of nodes are identified:
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Handling Unroutable Nodes
Owing to our greedy approach, occasional situations do arise when the inputs of a ready node cannot be routed to, and no further ready nodes are available to place. Under such circumstances, a NOOP is inserted at one input in order to ensure routability [a] .
Place-and-route results with RPL as well as the final speedups obtained by running our compiled applications on PipeRench are presented in Section 4.
Results
In this section, we present the results of our compiler design for pipeline reconfigurable architectures. There are three parts to our results. First we empirically demonstrate a close correlation between the overall RPL of a circuit and the number of virtual stripes it is compiled to. Next, we show improvements in the number of virtual stripes using our RPL-based method. Finally, speed-ups seen over a 300 MHz SparcII microprocessor are presented.
All the data presented here was gathered for implementations of various kernels on the PipeRench architecture. The kernels were chosen based on demand for the applications in the present and near future, their recognition as industry performance benchmarks, and their ability to fit into our computational model. ATR implements the shapesum kernel of the Sandia algorithm for automatic target recognition [17] . This algorithm is used to find an instance of a template image in a larger image, and to distinguish between images that contain different templates.
Cordic is a 12 stage implementation of the Honeywell timing benchmark for Cordic vector rotations [7] . Given a vector in rectangular coordinates and a rotation angle in degrees, the algorithm finds a close approximation to the resultant rotation.
DCT is a one-dimensional, eight-point discrete cosine transform [8] . DCT-ZD, a two-dimensional DCT,
is an important algorithm in digital signal processing and is the core of JPEG image compression. FIR implements a FIR filter with 20 taps and $-bit coefficients. IDEA implements a complete eight-round International Data Encryption Algorithm with the key compiled into the configuration [15] . IDEA is the heart of Phil Zinimerman's Pretty Good Privacy (PGP) data encryption. Over implements the Porter-Duff over operator [l] . This is a method of joining two images based on a mask of transparency values for each pixel. PopCount return the number of 1's in a binary word.
Correlation between RPL and Virtual Stripes
We conducted several experiments with the above benchmarks in order to establish t,he relationship between RPL and virtual stripes. The results are shown in Figure 7 .
Improvements seen with RPL Here we present improvements seen with the compiler having a priority function based on RPL-minimization (Section 3.
2.2).
These results are shown in Figure 8 . For each application, there are 4 bars, showing the number of stripes with a random priority heuristic, RPL-based heuristic with no prediction, single-level prediction and two-level prediction. It is seen that on the average, RPL-based heuristics with no prediction are worse than a random El Random RPLO
RPL2
IJltraSparc-I1 running at 300 MHz. Figure 10 shows the raw speedup for all kernels. Although the performance may not be same after considering memory and 1 / 0 bottlenecks, a large fraction of the raw speedup is achievable [5] .
In addition, our place-and-route is also orders of rnagnitude faster than commercial CAD tools. For instance, we can compile the DCT in less than 10 seconds, while Xilinx Design Manager targeting a Xilinx 4K series FPGA takes over 1 hour for the same application. heuristic. However, prediction improves their performance of RPL-based heuristics, with single and twolevel predictions being 15.2% and 20.6% better than the random case respectively. Figure 9 shows the compiler running times with the random and RPL-based methods. It may be observed that on the average, the second-level prediction is actually a little faster than the other cases. This is because RPL-based prediction leads to better placement, and thus fewer failures. Fewer failures means that nodes have to be postponed fewer times, which decreases overall place-and-route time. [1G] describes a fast router for island-style FPGAs while [lo] describes a performance-driven simultaneous place-and-route methodology. The similarity here is that our place-and-route algorithm also performs simultaneous place-and-route: placement is completed only if routing is possible. [lo] [4] describes a hypergraph coloring algorithm to allocate variables to a distributed register-file VLIW architecture. Our method accomplishes much the same thing using RPL, but is faster.
Speedups Obtained over a Microprocessor

Conclusions
In this paper, we present a hardware compiler for pipeline reconfigurable architectures. Such architectures are compiler-friendly and provide an infinite amount of hardware in one dimension. However, they still have constraints like the width of the pipeline stage, the interconnect, limited registers and limited register file ports.
We present a compilation scheme based on threesteps: graph pre-processing, prioritizing of the nodes followed by a greedy, linear, deterministic place-androute. We also present a VLIW-like model that captures the architectural constraints inherent in such architectures, effectively describing the architecture to the compiler. Instead of attempting to solve for all the architectural constraints, we forniulate an approach to simply minimize the overall routing path length (RPL) in the graph that represents the netlist. The RPL formulation effectively captures architectural constraints like limited registers and limited register ports. Minimizing the overall RPL tends to lower the number of virtual stripes quickly, which is the final objective.
With our compiler targeting a 100 MHz PipeRench reconfigurable architecture, we measure and compare the estimated performance against a Sun UltraSparc-I1 microprocessor running at 300 MHz. We obtain impressive speedups across a suite of representative kernels, with very fast compilation speeds.
